Polyacrylonitrile (PAN) nanofibres and carbon nanotube (CNT) 
Introduction
Electrospinning is a straightforward method to produce fine fibres of sub-micron diameter. Recently, the unique properties of electrospun fibres have attracted a great deal of attention for a broad range of applications from particle filtering in membrane science, to cell culturing in tissue engineering [1] [2] [3] [4] . In particular, the utilisation of carbonised electrospun nanofibres as electrode materials in supercapacitors and fuel cells has been recommended in some references [5] [6] [7] [8] [9] [10] . In addition to the electrospinning of nanofibres from a pure polymer, it is possible to use this technique for encapsulation of fillers within the nanofibre structure [11] [12] . Carbon nanotubes (CNTs) as nanostructure fillers have excellent mechanical, thermal and optical properties, as well as a low electrical percolation threshold [13] [14] . Carbon nanotube composites could provide materials with the properties required in the electrochemical energy system [15] [16] . They have ability to decrease equivalent series resistance (ERS), leading to an improved maximum power in supercapacitors [17] [18] .
Carbon nanotubes can be embedded into a typical carbon fibre precursor PAN [19] [20] . The morphological characteristics of a nanocomposite fibre, such as fibre diameter and bead structures, are important in certain applications due to their effects on the porosity of the resultant structure. Various processing and material parameters have been introduced to control the morphological variations of electrospun nanofibres [21] [22] [23] [24] [25] [26] . These variations can be attributed to three crucial factors; the surface tension, charge density, and viscoelastic behaviour of the solution [27] [28] .
In general, surface tension tends to decrease the surface area per unit mass in fluids, and induces Rayleigh instability to the electrified jet [29] [30] [31] . A higher charge density and thus, higher solution conductivity causes a greater bending instability of the driven jet, resulting in a reduction of the fibre diameters [29, 30, 32] . The conductivity of the polymer/CNT solutions correlates to nanotube contents and their electrical percolation threshold [33] [34] . The percolation threshold of the CNT and the homogeneity of dispersion can be varied by using different mixing techniques, such as high shear mixing and sonication [35] . Mixing techniques may change the CNT aspect ratio (geometric parameters) and dispersion states (such as; macro, micro, and nano dispersion) [35] . Also, variations in the electrical field can influence the mechanism of fibre formation in the electrospinning process [36] . The viscoelastic properties of the solution play a significant role in the dynamics of jet elongation, different instability modes and shape of the Taylor cone [37] [38] [39] [40] . However, Yu et al. [40] revealed that the mechanism of fibre formation depends on the elasticity of the polymer solution, rather than its viscosity. In strong filler-filler interactions, the viscoelastic properties of the filler-polymer system are determined based on the network of filler agglomerates, and the state of filler dispersion by mechanical mixing [41] [42] [43] . Also, filler-polymer interactions influence the viscoelastic properties of the composite [43] [44] . In a PAN/CNT system, dispersion states are described by both van der Waals attraction of nanotubes, and the interactions between nitrile groups of polymer and π-electrons of carbon nanotube [45] . Although, mixing methods can enhance the dispersion of carbon nanotubes, in practice, the preparation of homogenous solutions at high CNT loads is rather difficult, because the viscosity rises in a manner that means the solution cannot be electrospun. Introducing a conductive component with a low molecular weight into the PAN/CNT solutions may facilitate the formation of thinner fibres without a significant change in the viscosity. Ethylene carbonate (EC) is a moderately conductive reagent (σ ~ 10-3 S/m) used as a fugitive plasticiser in PAN melt spinning [45] . The inclusion of EC, together with a reduction of the fibre diameter through increasing charge density [45] , may lead to the establishment of the dipolar interaction between the nitrile groups of PAN, and the carbonyl groups of EC, which can compete with PAN-CNT interactions [45] [46] [47] .
The major objective of this article is to evaluate the effects of polymer concentration, CNT, and EC on the morphological characteristics of electrospun PAN fibres. Three sets of solutions including, pure PAN, PAN/CNT, and EC filled PAN/ CNT were electrospun. EC was substituted with dimethylformamide (DMF) in concentrations (1-6 wt%) where the viscosity of the solutions remained unchanged. Electrospinning parameters such as; applied voltage, needletarget distance, and needle geometric dimensions were kept constant to prevent them having an effect on the resultant morphology. Mild sonication (30 min) was applied solely to the CNT/DMF solutions prior to the addition of the polymer, to avoid the possibility of polymer chain breakage (viscosity drop), and distortion of the CNT bundles during the homogenising process.
Experimental

Materials
Polyacrylonitrile (PAN) was used at different concentrations as the polymer component for creating solutions with varying viscosities. The viscosity of PAN at 10 wt% concentration was 0.3 Pa.s at room temperature. N, N-Dimethylformamide (DMF) was purchased from Baker. Multi-wall carbon nanotubes (MWCNT) with an average diameter of 9.5 nm, an average length of 1.5 µm, and a carbon purity of 90%, produced via the catalytic chemical vapour deposition (CCVD) process, were purchased from Nanocyl. Ethylene carbonate (C 3 H 4 O 3 ) was purchased from Merck Chemicals.
Electrospinning process
Plain polymer solutions were prepared by dissolving PAN in DMF and a magnetic-mechanical mixer stirred the solutions for 2 hours at 80°C. In order to prepare the PAN/ CNT nanocomposite fibre, CNT was added to the DMF solvent and sonicated for 30 min to obtain an homogenous solution. Subsequently, in some samples, EC with a different weight fraction was added to the CNT/DMF solutions in order to study the effects of EC on the morphology of an electrospun web (see Table 1 ). Similarly, PAN was dissolved in the CNT/DMF solutions and stirred for 2 hours at 80°C by a magneticmechanical mixer. The nanofibres were spun by a one-nozzle electrospinning system perpendicularly aligned to the target collector. The electrospinning system consisted of; a high voltage source (bipolar Simco Chargemaster BP 50), a nozzle (a glass vessel containing the polymer solution and a metallic needle), and a copper collector electrode plate. The applied voltage was generated by connecting the nozzle and the collector plate to the positive, and negative terminals of the high voltage supply, respectively. The voltage difference between the needle and the collector was set at 40 kV (nozzle +20 kV and plate -20 kV) with a needle tip-to-collector distance of 15 cm. The metallic needle (14G) with an inner diameter of 1.6 mm, and a length of 10 mm was used for ejecting the polymer solutions towards the collector. The collector plate was covered with paper to gather the resultant fibres at a specified distance.
Characterisation
The morphology and fibre diameter of the electrospun nanofibres were observed by Zeiss Ultra Plus SEM equipment. To take an SEM image of the nanofibre pattern, the samples were coated in gold to make them conductive. Image J software version 1.43a was used for measuring the fibre diameter from the SEM micrographs. The mean fibre diameters were calculated from 100 measurements of each sample. Viscosity was measured with a Brookfield DV-II+ viscometer at room temperature. The mean electrical resistance of PAN solutions with different CNTs and EC loads at 10 wt%, was measured. The mean solution conductivity was evaluated through resistance, the reciprocal of the conductance, by five measurements with an ohmmeter.
Results and discussion
Solution properties
The results obtained from the solution characterisation revealed that viscosity is proportionally correlated to polymer concentration. Moreover, the CNT is a low density and high surface area nanoparticle, and the solution viscosity rapidly increased with an incremental addition of the CNT loads. Solution viscosity did not noticeably vary following the incorporation of the plasticizer. Identical viscosities of samples containing EC can be attributed to the partial replacement of DMF (molar mass: 73.09 g/mol) with EC (molar mass: 88.06 g/mol) in the solution composition (Table 1 ). The electrical resistance of 10 wt% polymer solutions decreased from 880 KΩ, to 500 KΩ by the addition of CNT up to 0.75 wt% (Figure 1 ). Such a small increase in conductivity suggests that PAN solutions with different CNT concentrations (up to 0.75 wt%) were below the electrical percolation threshold during the 30 min sonication time. The results from the measurement of electrical resistance confirmed that the addition of EC at 1-6 wt% did not induce significant changes in electrical conductivity (Figure 1 ).
Effect of polymer concentration and carbon nanotube on morphology of PAN fibres
In electrospinning, polymer concentration and the corresponding viscosity should bring sufficient entanglement of the polymer chains. This requisite is of utmost importance for attaining smooth fibres, rather than solidified droplets, or beaded fibres. [25, 48] Thus, as shown in Figure 2a , the lowest concentration (6 wt%) had the highest tendency to form solidified droplets, whilst an increase of polymer concentration, gradually decreased the density of beads, and varied the shapes of the beads from spheres to spindles (Figure 2a-2b) . In general, beads are formed due to aggregation of solvent molecules because of surface tension [29] . At high solution concentrations (chain entanglement) solvent molecules are distributed among entangled chains and their tendency for congregating in the form of beads declines [29] . The variation of shape and the declining trend of bead structures at high polymer concentrations can also be attributed to the dynamics of jet elongation. It could be suggested that an increasing polymer concentration leads to a higher degree of chain entanglement and a longer relaxation time for the solution [48] ; a longer relaxation time leads to a higher solution elasticity. Increased elastic stress originating from solution elasticity causes a slowdown of the Rayleigh instability and reduces the bead structures. Furthermore, complete suppression of Rayleigh instability leads to a transition of the resultant morphology from bead structures to uniform fibres (Figure 2c-2d ) [40] . Increasing the polymer concentration led to an increase in diameter of PAN fibres (Figure 3a ). This trend may reflect the increasing resistance of the viscous jet in stretching between the nozzles and the target collector [29] .
The addition of CNT in different concentrations into 10 wt% PAN solutions led to the formation of conical shaped beads along the fibres axes (Figure 2e, 2f, 2h, 2i ). This phenomenon can be attributed to poor dispersion of CNT into the polymer solutions [20] . The fibres tended to become curly and the solution tended to drip on the electrospun web when the CNT loads were increased (Figure 2f, 2i ).
Poor homogeneity, seen as an increase in the agglomeration of CNTs, induced structural irregularity to the electrospun web. When CNTs agglomerate, there are localised charge accumulations in the driven jet, resulting in an inhomogeneity of the electric field [33] . This phenomenon leads to the formation of beads and other structural irregularities due to the different extensional stresses induced by the electrified jet. As well as the agglomerations of nanotubes based on the van der Waals attraction, CNT may also interact with the nitrile groups of polymer [45] . This can cause a weakness of the polymer chains interaction, and results in a reduction of the solution elasticity [49] . The reduced elasticity intensifies the Rayleigh instability and leads to the formation of bead structures [40] . At high CNT loads, as a result of Rayleigh instability, solution drippings in addition to beaded fibres, were deposited on the target collector (Figure 2i) . Also, in a solution with 12 wt% PAN, 0.5 wt% CNT, smooth fibres were formed, whereas at lower polymer concentrations (10 wt %), beaded fibres were produced (Figure 2g ). This phenomenon can be attributed to a stabilising of the driven jet resulting in an increasing entanglement of the polymer chains at high polymer concentrations. This observation also confirmed the role of chain entanglements in the formation of beadless fibres even in the presence of carbon nanotubes. Fibre diameter gradually increased as the CNT concentration increased. It appears that the effects of solution viscosity have a greater impact on fibre diameter than a slight increase in the electrical conductivity (Figure 3b ).
Effect of ethylene carbonate on morphology of carbon nanotube embedded PAN fibres
The addition of EC plasticiser into PAN/CNT solutions led to both a declining trend of fibre diameters and the formation of spherical shaped beads (Figure 4-5) . As mentioned earlier, viscosity and solution conductivity remained almost constant, thus these morphological changes in the fibres containing EC must be due to reasons other than viscosity and conductivity. Inclusion of EC may form binary phases within the polymer solution, and agglomerate the CNT phase, thus affecting the elasticity and viscosity properties. The reduction of fibre diameters and formation of the spherical shaped beads may be a result of the stretching of low molecular weight EC-polymer phase over the nozzle-collector distance. Beyond the phase separation, the nature of EC as a PAN plasticiser may cause these morphological variations. Based on gel theory of plasticisation, the polymer has a tridimensional honeycomb structure, formed by the loose attachment between the polymer molecules along their chains [50] . A plasticiser works to reduce these weak intermolecular interactions, allowing the polymer to deform without breaking [50] . On the other hand, elasticity of polymer solutions is proportional to the molecular weight and intermolecular interaction [51] . It is hypothesised that EC as a plasticiser reduces the interaction between the molecular chains, resulting in a reduction of the solution elasticity and its elastic respond counterpart. The reduced elastic respond acts to intensify the Rayleigh instability and lead to an increase of bead structures and droplets in the electrospun web [40] .
The variation in the shape of beads may also relate to the competence between the elastic respond originating from the solution elasticity, and the Rayleigh instability driven by surface tension. Elastic respond tends towards a coherent jet [40] with spindle shapes and conversely, Rayleigh instability driven by surface tension, tends towards congregated droplets. Therefore, when the elasticity of the solution decreases, spherical beads of a large size tend to appear instead of spindle-shapes. The slight reduction of fibre diameter in samples containing EC can be attributed to a lower resistance of the electrified jet against the extensional deformation and capillary thinning mechanism, due to the lower solution elasticity [40, 52] .
Conclusion
The effects of polymer concentration, carbon nanotube and ethylene carbonate in morphological variations of electrospun PAN fibres were discussed. It was observed that an increase in polymer concentration led to an increase in fibre diameters and a reduction of bead density in PAN nanofibres. The fibres diameters increased proportionally with nanotube concentrations up to percolation threshold of the CNT. The PAN/CNT nanocomposite fibres exhibited different structures based on the carbon nanotube and polymer concentrations. The addition of ethylene carbonate into the PAN/CNT solutions led to slightly reduction in fibre diameters and the formation of spherical shaped beads. The inclusion of EC induced similar morphological variations to the PAN/CNT fibres regardless of its conductivity and viscosity impacts. According to discussions in the literature, further research should be considered to examine the impacts of intermolecular interactions, dispersion stats and viscoelastic behaviour of nano-inclusion solutions on the electrospinning mechanism. This approach may pave the way to determine the suitable structures of carbon nanotube composites for their demanding applications.
